AD-A256 283 (D

AR

Quarterly Letter Report

Growth, Characterization and Device Development in
Monocrystalline Diamond Films D T

£9 FLEC

Supported by the Innovative Science and Technology Office
Strategic Defense Initiative Organization
Office of Naval Research
under Contract #N00014-90-]J-1604
for the period July 1, 1992-September 30, 1992

R. F. Davis, ]J. T. Glass, R. J. Nemanich* and R. J. Trew**
L. Bergman*, B. R. Stoner, K. F. Turner* and S. Wolter
North Carolina State University
c/o Materials Science and Engineering Department
*Department of Physics
**Electrical and Computer Engineering
Raleigh, NC 27695

September 30, 1992

OOEFENSE TECHNICAL INFORMATION CENTER

i

== (g mu §;
4 ¢ ‘
'~ | (m'? 52

31




form Approved

REPORT DOCUMENTATION PAGE OMB No 0704 0188

P .00t 10O DUCGPA 02 TR CHO(LION LT AloimraliCr 3 801 ™18 " 100 0 )® * = Hut O€! "ODUF e .ACLOING (NP LiME *CP "%, Sm A A1l (LIRS POl A.~G ¢ SHAG 3412 20UHI™,
JEINEIING 4/E MANIB:MNG INE JA1A NEEOPY. ANA [SADISIIA) (70 1o 2 a.oq "Fe JHECHON OF 17131 ™ A1LI0A SoNG DMmmenty 8QA@n Y I L gen S1T mate Ir 87y 170 1Dert FLRSY
LOHOHION 31 AL M FLOR, AUYTING WQPPIITAL A raguuing 1My DL TOER ° 3 A IWAGION 0 8@8LI7 €11 $8%. Py Lo O ate ‘Of £* oo gtinr 0P aticry ang Jemn 7ty 1]4Y ,eHerion

Oovis tigheny. burle 1104 arinqgton, s & 12101 4100 2rat3Re J't 0 0l SAang ement 10g 1,00F! 1l acis Sogytiam & 10t 12 5 49) Aavnrgttn " C )N0)
1. AGENCY USE ONLY (Leove Dlank) 2. REPQAT DATE 3. REPORY TYPE AND DATES COVERED
September 1992 Quarterly Letter 7/1/92—9/30/92

4. ITLE AND SUBTITLE 5. FUNDING NUMBLERS

Growth, Characterization and Device Development in
Monocrystalline Diamond Films ié}(}({)i(;OSBsrrOS
6. AUTHOR(S) N00179
Robert F. Davis Tg ggg >

8. PERFORMING ORGANIZATION
REPORT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS{ES)
North Carolina State University

Hillsborough Street N00014-90-J-1604
Raleigh, NC 27695

10. SPONSORING . MONITORING

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES)
AGENCY REPORT NUMBER

Department of the Navy

Office of the Chief of Naval Research

800 North Quincy Street, Code 1513:CMB
Arlington, VA 22217-5000

1. SUPPLEMLNTARY NOTES

120. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for Public Release—Distribution Unlimited

13. ABSTRACT (Ateaimum 200 wordy)
Ordered diamond films have been deposited on single crystal Si(100) substrates via in-situ carburization
followed by bias-enhanced nucleation. Photoluminescence and Raman spectroscopy have been employed
to determine the time evolution of defect formation in these CVD diamond films for stages of growth
spanning nucleation to continuous film formation. Analysis of the 1332 cm~1 diamond feature showed two
rates of diamond growth with a transition at the thickness where nearly complete coverage was obtained.
Investigation of the various defects in the films led to the conclusions that Si atoms most likely caused the
1.68 eV optical centers at the initial stages of growth. Luminescence associated with sp2 bonding defects
appeared only after a continuous film was formed. The CVD growth of diamond films on Si (100) have
also been studied using scanning tunneling spectroscopy. The surface of the diamond film possessed
electronic structure similar to single crystal diamond. By contrast the initial growth surface showed
evidence of B-SiC and graphite electronic structures. The microwave performance of p-type diamond
MESFETs is also under investigation. The surface breakdown model has been further refined and an
activation model has been included so that free charge density as a function of temperature could be
determined. Research is also underway to simulate the performance of the Kobe p-channel MESFET. A pn
junction gate model is also being formulated so that the operation of a diamond JFET can be investigated.

‘M. SU.I_(CY TERMmS . ... . ) . . . 1S NUMBER OF PAGLES
diamond thin films, silicon carbide, heteroepitaxial nucleation, misfit 69

dislocations, interfacial strain energy, plasma cleaning, negative electron 16. PRICE CODE
affinity, atomic hydrogen, argon plasma, uv photoemission

17, StCumiIty CLASSINICATION 16 SECURITY CLASSIHICATION 19, SLCURITY CLASSIICATION 20 UMITATION OF ABSTRACT
Of REPORY OFf THIS PAGE OF ABSTRACT

UNCLAS UNCLAS UNCLAS SAR

AT R cem W,y
SemriiDed G - er 43 s 4
My )

NSN 754001 280 HSHUY




II.

II1.

Iv.

VI

Table of Contents

Introduction

Textured Growth of Diamond on Silicon via In-situ Carburization
and Bias-enhanced Nucleation

Photoluminescence and Raman Microscopy of CVD Diamond
Defects from Nucleation to Formation of Continuous Films

Characterization of the Electronic Properties of Diamond Film
Growth by Scanning Tunneling Spectroscopy

Modeling of Microwave MESFET Electronic Devices Fabricated
from Semiconducting Diamond Thin Films

Distribution List

15

41

63

69

i Aqyﬁasio- For

BYIS  LR4aI W
il v M
Uoseunead [ ]

Juo Tlentieg.




I. Introduction

Diamond as a semiconductor in high-frequency, high-power transistors has unique
advantages and disadvantages. Two advantages of diamond over other semiconductors used
for high-frequency, high-power devices are its high thermal conductivity and high electric-field
breakdown. The high thermal conductivity allows for higher power dissipation over similar
devices made in Si or GaAs, and the higher electric field breakdown makes possible the
production of substantially higher power, higher frequency devices than can be made with
other commonly used semi-conductors.

In general, the use of bulk crystals severely limits the potential semiconductor applications
of diamond. Among several problems typical for this approach are the difficulty of doping the
bulk crystals, device integration problems, high cost and low area of such substrates. In
principal, these problems can be alleviated via the availability of chemically vapor deposited
(CVD) diamond films. Recent studies have shown that CVD diamond films have thermally
activated conductivity with activation energies similar to crystalline diamonds with comparable
doping levels. Acceptor doping via the gas phase is also possible during activated CVD growth
by the addition of diborane to the primary gas stream.

The recently developed activated CVD methods have made feasible the growth of
polycrystalline diamond thin films on many non-diamond substrates and the growth of single
crystal thin films on diamond substrates. More specifically, single crystal epitaxial films have
been grown on the {100} faces of natural and high pressure/high temperature synthetic
crystals. Crystallographic perfection of these homoepitaxial films is comparable to that of
natural diamond crystals. However, routes to the achievement of rapid nucleation on foreign
substrates and heteroepitaxy on one or more of these substrates has proven more difficult to
achieve. This area of study has been a principal focus of the research of this contract.

At present, the feasibility of diamond electronics has been demonstrated with several simple
experimental devices, while the development of a true diamond-based semiconductor materials
technology has several barriers which a host of investigators are struggling to surmount. It is in
this latter regime of investigation that the research described in this report has and continues to
address.

The principal vectors of the research in this reporting period have been (1) the deposition of
diamond films on single crystal Si(100) substrates via in-situ carbonization followed by bias-
enhanced nucleation, (2) the photoluminescence and Raman spectroscopy of the defects of
CVD diamond on Si(100), (3) the scanning tunneling spectroscopy of the initial and final
growth surfaces and (4) modeling of simulated diamond MESFET structures.

The following subsections detail the experimental procedures for each of the
aforementioned studies, discuss the results and provide conclusions and references for these
studies. Note that each major section is self-contained with its own figures, tables and

references.




II.

Textured Growth of Diamond on Silicon via In-situ Carburization
and Bias-enhanced Nucleation

S.D. Wolter, B.R. Stoner, and J.T. Glass
Department of Materials Science and Engineering
North Carolina State University
Raleigh, NC 27695-7919 USA

P.J. Ellis, D.S. Buhaenko, C.E. Jenkins and P. Southworth
Kobe Steel Europe Laboratory
Surrey Research Park
Guildford, England UK

Abstract
Ordered diamond films have been deposited on single crystal silicon
substrates via an in-situ carburization followed by bias-enhanced
nucleation. Textured diamond films with greater than 30% of the grains
oriented D(100)//Si(100) and D<110>//Si<110> were grown in both a
horizontal and vertical microwave plasma chemical vapor deposition
reactor. Separate diamond films from each of the two reactors were
analyzed both by scanning electron microscopy and Raman spectroscopy.
The in-situ carburization is speculated to form an epitaxial SiC conversicn
layer, thus providing an economical alternative to obtaining epitaxial

diamond films on single crystal SiC.




The nucleation and growth of heteroepitaxial diamond films is of prime
interest if the scientific community is to take full advantage of this material's
extreme and unique properties1. It is therefore important to develop a technique
to accommodate this objective as well as make it economically viable. Diamond
films have been epitaxially deposited on both diamond 2 and ¢-BN 3 single
crystal substrates providing evidence that at typical low-pressure processing
conditions single crystal diamond deposition is possible. It is understandable
that depositing monocrystalline diamond films on substrates other than diamond
or cBN would be more advantageous due to the extreme difficulty in obtaining
large single crystals of either of these materials.

Recent success in obtaining textured diamond growth on B-SiC® has
presented a novel appfoach to heteroepitaxy. This approach termed bias-
enhanced diamond nucleation was originally found to enhance the number of
stable diamond nuclei on Si(100) substrates’” 8. The conventional diamond-
scratching procedure used to promote nucleation was thus eliminated making it
possible to nucleate diamond on pristine substrates. Texturing was not observed
in the original bias-enhanced nucleation studies on Si(100) substrates ?, due in
part to the formation of an amorphous SiC interfacial layer thus leading to
randomly oriented diamond particles. In the present study, however, the bias-
pretreatment is preceded by a carburization step that is speculated to form an
epitaxial conversion layer of B-SiC on Si.

Evidence has been provided through past work that under appropriate
processing conditions the formation of an epitaxial conversion layer of B-SiC on
Si is possible. Williams et al.10 reported transmission electron microscopy (TEM)
results of an epitaxial B-SiC buffer layer and local twinned epitaxy of diamond
that was formed during diamond growth on Si. In another study, localized

epitaxy of diamond on Si was reported by Jeng et al.ll and may have also




resulted from the formation of an epitaxial B-SiC buffer layer. In the latter study
textured particles were reportedly observed via scanning electron microscopy,
however, an in depth analysis was not performed and complete films were not
obtained. It is the purpose of this letter to report the nucleation and
subsequent growth of oriented diamond films on Si(100) substrates that were
first pretreated by an in-situ carburization step followed immediately by bias-
enhanced nucleation. Until high quality single crystal SiC substrates become
economically available, this two-step pretreatment process may provide a
reasonable alternative for obtaining highly textured diamond films on non-
diamond substrates.

The low-pressure diamond growth was performed on Si(100) substrates
via microwave plasma chemical vapor deposition (MPCVD) involving the
following three-step process; (i) carburization, (ii) biasing, and (iii) deposition.
The carburization and biasing steps may be viewed as in-situ pretreatment
routines; the carburization step used to grow an epitaxial SiC conversion layer
followed by the biasing step used to promote the formation of stable diamond
nuclei. No scratching or conventional form of nucleation enhancement was
utilized. The deposition step involved the optimum conditions for growth on the
pre-existing diamond nuclei.

The three-step growth process was performed using two separate MPCVD
reactors, purchased in part from Applied Science Technology, Inc. (ASTeX). The
chambers were six inch inner diameter stainless steel resonant cavities; one in a
vertical and the other in a horizontal configuration. The vertical reactor was used
at Kobe Steel European Laboratory (KSEL) in the UK and the horizontal
configuration was used at North Carolina State University (NCSU). The vertical
reactor utilized ASTeX's standard 4-inch diameter induction heated substrate

holder and was modified with a high voltage, medium current electrical




feedthrough to allow for independent substrate biasing. A complete description
of the horizontal growth chamber as well as the biasing set-up used during the
bias-enhanced nucleation step have been previously publishedg. Briefly, the
substrate rests in a two-inch diameter slotted molybdenum substrate holder that
fits onto an electrically isolated, resistively heated tantalum can. An electrical
lead connected to the tantalum can allows for independent substrate biasing.

The three processing steps mentioned above were slightly different for the
two separate reactors and are listed in Table 1. Described in detail below are the
processing procedures for the vertical reactor. The Si(100) substrates were etched
in dilute HF acid and thoroughly rinsed in de-ionized water prior to insertion
into the growth chamber. The carburization step was undertaken for 1 hour at
2% CH4/H2 with a chamber pressure of 25 torr. The microwave power was 1200
Watts and the substrate was immersed roughly 0.5 cm into the plasma. The
temperature during this step was maintained between 900-930°C as measured by
a single color optical pyrometer. The bias step was performed immediately
following the carburization, where the ambient pressure was reduced to 15 torr
and the CH4/H2 ratio was increased to 5%. In addition, the substrate was
moved to the edge of the plasma (i.e. 0 cm downstream). A bias-potential of -250
VDC was then applied to the substrate, inducing a current of approximately 100-
140mA. The total length of biasing was approximately 3 minutes. Following the
biasing step, the substrate voltage was terminated and the substrate was moved
0.4 cm downstream from the plasma. The pressure was raised to 25 torr with a
CHg4/Hj3 ratio of 0.5%. The substrate temperature for both the biasing and
growth step was between 700-750°C.

Several analytical techniques were used to characterize the diamond that
was deposited via this three step process. Scanning electron microscopy (SEM)

and Raman spectroscopy were used to investigate the morphology and quality of
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the diamond, respectively. Auger electron spectroscopy (AES) was also
performed, in-vacuo, to analyze the substrate surface following the carburization
step in the horizontal reactor.

It has been observed that by reducing the total length of biasing time a
sufficiently high number of nuclei will be formed without damaging the existing
diamond nuclei by prolonged exposure to the biasing7' 8, In the absence of the
carburization step a biasing time of roughly 30 minutes was necessary to obtain a
nucleation density sufficient to form a complete diamond film. The carburization
step effectively reduced this biasing time to 15 minutes and eventually 3 minutes
was found to be adequate for obtaining a relatively high number of diamond
nuclei. AES was used to analyze the surface of the Si substrate following the
carburization step and confirmed the presence of a silicon-carbide phase. The
carburization step, therefore, serves two purposes; (i) to form an in-situ epitaxial
carbide conversion layer as well as (ii) to reduce the nucleation incubation period
and thus diminish the eroding effects of the biasing process.

Figures 1-a and -b show SEMs of diamond grown in the vertical reactor
under the conditions listed in Table 1. In both micrographs there appear to be
evidence of a preferred orientation. Figure 2 shows the center region of the film
grown in the horizontal reactor and the arrow which points in the Si<110>
direction indicates that a large percentage of the grains may be locally epitaxial
with the Diamond(100)//Si(100) and the Diamond<110>//Si<110>. The SEMs
indicate a higher percentage of azimuthal misorientation than was observed with
the epitaxial nucleation of diamond on b-SiC®. A misorientation about the
substrate normal, (001), and a tilt about the a <110> direction are evident here
and were shown in a previous work to be a result of the high density of misfit
dislocations at the interface, resulting from poor lattice matching!?. Figure 3

shows the Raman spectra from the diamond film grown in the horizontal reactor.
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The sharp peak at 1332 cm-! indicates that the film is high quality diamond with
a negligible graphitic component.

Bias-enhanced diamond nucleation has been shown to be an effective tool
for the heteroepitaxial nucleation of diamond on B-SiC®. Biasing directly on
silicon in the absence of a controlled carburization step, however, was observed
previously to lead to the formation of randomly criented particles.’. The
approach taken in this study was to first deposit an epitaxial SiC layer followed
by bias-enhanced diamond nucleation and then growth on the existing nuclei.
The diamond particles nucleated in this study appear quite similar to the
textured particles observed by Stoner et al. on the B-SiC substrates®. This
suggests that an epitaxial SiC film of adequate quality is being deposited on
which diamond may then epitaxially nucleate. The observations made in this
study indicate that the quality and crystallinity of the carbide are critical in
obtaining oriented diamond nuclei on Si substrates.

In conclusion, this letter has shown that oriented diamond grains may be
nucleated on Si(100) substrates following an in-situ carburization and bias-
enhancement. Textured films were deposited using this process in two different
microwave plasma CVD reactors, in separate laboratories. Both processes
resulted in a large percentage of the diamond grains having a preferred
orientation relative to that of the silicon substrate. It was speculated that an
epitaxial SiC conversion layer was grown during the carburization step and that
subsequent diamond nucleation was epitaxial to the SiC. AES confirmed that SiC
was formed on Si during the carburization step, however, future experiments
involving transmission electron microscopy will be needed to confirm the

crystallographic relationship between the diamond, SiC and Si.




Table 1: The three processing steps along with the conditions for each used by in two

different reactor geometries

Carburization Bias Growth
Horizontal Vertical Horizontal Vertical Both
Parameters reactor reactor reactor reactor reactors
Bias Voltage 0 0 -250VDC -170VvDC 0
Current 0 0 ~100mA ~200mA 0
Time 1 hr. 1 hr. 3 min. 9 min. >5 hrs.
CH4/H2 2% 2% 5% 2% 0.5%
Pressure 25 torr 15 torr 15 torr 15 torr 25 torr
Microwave 1200 W 800 W 900 W 800 W 900 W
Power
Substrate ~900°C ~800°C ~750°C ~700°C 600-700°C
Temperature
Substrate Immersed | Immersed | Immersed | Immersed Remote
Position




List of Figures

Figure 1.  Textured diamond films at (a) low magnification and at (b) high
magnification resulting from a carburization followed by bias-enhanced

pretreatment in the vertical reactor

Figure 2. Individual diamond particles detail the preferred orientation with

respect to the Si(100) grown in the vertical reactor.

Figure 3. Raman spectra of the diamond film grown in the vertical reactor.

The spectra indicates a sharp Raman peak at 1332 cm-1 indicating a high quality
diamond film.
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III. Photoluminescence and Raman Microscopy of CVD Diamond Defects

from Nucleation to Formation of Continuous Films

L. Bergman, B.R. Stoner, K.F. Tumner, J.T. Glass, and R.J. Nemanich
Department of Physics and Department of Materials Science and Engineering
North Carolina State University
Raleigh, NC 27695

Abstract

Photoluminescence and Raman spectroscopy are employed to explore the time-evolution of
defect formation in CVD diamond films for stages of growth spanning nucleation to continuous
film formation. Our research is concentrated on three types of defects which give rise to the 1.68
eV optical band, the sp2 phase which exhibits a Raman feature center at 1500 cm-! shift, and the
broad-band luminescence at 565nm-800nm. The intensity of these features where correlated with
the diamond Raman feature at 1332cm-! to determine the relative dependence of the associated
structures. Analysis of the 1332 cm-! diamond feature showed two rates of diamond growth with a
transition at the thickness where nearly complete coverage was obtained. The changes of the rates
were attributed to the lowering degree of freedom available for the growth of the nuclei as well as
to the formation of the sp2 phase. The investigation of the different defects suggests the following
conclusions: Si atoms are most likely responsible for the creation of the 1.68 ¢V optical centers
which takes place at initial stages of growth, and structures associated with the broad luminescence
and sp2 bonding defects were not present in the isolated nuclei but were significantly present when

a continuous film was formed.
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I. Introduction

Investigation of defect formation in CVD diamond film is critical to understand the basic
mechanisms of electronic transport and optical interactions which underlie applications in
developing electronic and optical devices. In this study we employed Raman and
photoluminescence microscopy (PL) to investigate the formation over time of defects in CVD
diamond, from the very early stages of diamond nucleation through the formation of groups of
particles and finally to the growth of continuous thick films. At each stage of the growth, the
morphology of the sample was obtained from scanning electron microscope (SEM) images and this
information was correlated to the PL and to the Raman line intensities of the defects. In this paper
we present an analysis of the creation of three types of defects associated with optical bands at the
1.68 eV, the spz, and the broad-band luminescence at 565-800nm, for stages of growth spanning
nucleation to continuous film formation.

One part of our experiment examined the 1.68 eV defect center, for which conflicting
models have been proposed. Previous work has suggested a relation of the 1.68 eV center to the
GR1 optical active center which exists in natural and synthetic diamond. Upon interaction with
light the GR1 gives rise to the photoluminescence band at 1.673 eV. The GR1 defect center can be
produced in any type of natural or synthetic diamond by the introduction of radiation damage into
the diamond [1-4] which creates vacancies and interstitials of carbon atoms. It is commonly
accepted that the GR1 band is associated with the natural vacancy center which possesses
tetrahedral symmetry [S] and has an unpolarized zero-phonon line emission of 1.673 eV arising
from a transition between the T2 and the E state [6].

In many thin diamond films grown from the vapor phase, PL emission line can be
observed at 1.68 eV which is a shift of 7-meV from the GR1 peak of the natural diamond. This
shift may indicate that the 1.68 eV center originates from a different defect center than the natural
vacancy. Various works show evidence that introduction of Si during growth increases the 1.68
eV peak significantly [7,8]. One explanation was that the Si atoms were incorporated into the

diamond octrahedral lattice sites and formed a radiative center there [7]. Another study on Si-
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implanted natural diamond showed that the 1.68 eV center was due to defects containing two
interstitial silicon atoms [9]. Yet another possible explanation for the 7 meV shift is that it arises
from the presence of the internal stress which exists in the individual crystallites of the CVD
diamond films. This residual stress can induce the 6 to 7 meV shift of the GR1 center.

Another part of our experiment examined the broad-band luminescence. The broad
luminescence band, extending from approximately 565 nm to 800 nm and centered at around 608
nm, has been observed in various luminescence studies. The broad band is exhibited in both
cathodoluminescence (CL) spectra of natural and polycrystalline diamond [10-15,16], and has
been also observed in the PL spectra of other studies [15-17]. In most of the PL and CL spectra,
the 2.15 eV center was detected as well. This center has been attributed to the zero-phonon line
(ZPL) of the interstitial nitrogen-vacancy complex. Some work suggests that the broad
luminescence band is the result of vibronic interaction corresponding to the 2.15 eV ZPL [13].
Inspection of the PL spectra of hydrogenated amorphous carbon [18-19] reveals that a broad-band
luminescence exists with similar characteristics as the diamond broad-band PL/CL. However,
since the CVD diamond film was found to possess sp2 amorphous-like carbon bonding, we
surmise that the broad-band luminescence may be due to that type of defect.

In this paper we present our experiments and analysis of the formation of 1.68 eV, sp2,
and broad-band luminescence defects. Section A of this paper describes our measurements of the
Raman line-width as well as the sp2/sp3 ratio and the absolute integrated diamond Raman line
intensities as a function of the growth time. We found that at the very early stages of the deposition
when the morphology of the substrate consisted of isolated diamond particles, no sp2 phase was
found and the Raman line-width exhibited a decrease with time. Furthermore the integrated
diamond line followed a power-law increase with time. At later stages when coalescing of particles
took place, sp2 type bonding was found to form linearly with deposition time and the diamond
line-width increased monotonically with time. Also, the integrated diamond line still exhibited
power-law increase but with a smaller exponent than at early stages of growth. From our analysis

of Raman line-width and diamond intensity, a common critical threshold time was obtained which
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separated the early growth time phenomena from the longer time events, identical to the time when
the diamond particles just started to cluster as observed in the SEM images.

Section B of this paper reports our study of the 1.68 eV defect center. In our research the
PL measurements indicated that the formation of the 1.68 eV centers takes place at very early
stages of nucleation and growth of the diamond particles. The rate of incorporation of the defects
into the growing film diminishes as the sample becomes continuous. We also hypothesized that
that plasma etching of the Si substrate is a possible mechanism to provide Si atoms which enhance
the formation of the 1.68 eV optical centers. Our hypothesis about the interaction of plasma and
Si substrate was checked via an experiment in which five diamond films were grown in different
distances from the plasma. The 1.68 eV relative intensities of these samples were significantly
higher for the samples which were placed next to the plasma core than for the samples which were
located farther away.

In Section C we give the preliminary results of our study on the broad-band luminescence.
The initial analysis of our work on broad-band luminescence indicates that the type of defects
responsible for the broad PL does not exist in the isolated diamond nuclei, but rather tend to be
created in later stages of growth. The broad PL follows similar growth-vs-time behavior as the sp2
phase and therefore there is a possibility that the amorphous sp2 bonding contributes to the broad

PL in the CVD diamond film.

II. Experimental

Diamond samples for this study were grown in an ASTeX stainless steel microwave
plasma CVD chamber described in detail in previous publications [20,21]. Briefly, the chamber
consists of a cylindrical stainless steel cavity with an inner diameter of 6 inches. The plasma forms
in a stable position at the center of the cavity and the substrate may be positioned relative to the
plasma up to 8 cm downstream. The Si (100) substrates in this study were prepared by first

abrading them with 1 pm diamond paste in order to increase nucleation density of the diamond
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particles. The abrasion was followed by an ultrasonic cleaning in TCE, acetone, and methanol, a
rinse with DI water and then drying with nitrogen.

For the study of defect formation as a function of time, a series of stop-growths was
performed. The growth sequence was interrupted after deposition times of 1.5, 3, 5, 7, 10, 17
and 40 hours. Each step of the growth was followed by SEM, Raman microscopy, and
photoluminescence analysis. Following the analysis, the sample was solvent-cleaned as discussed
above and then reinserted into the growth chamber. The sample was grown in immersed mode
and was located 0.5 cm into the plasma. The plasma consisted of 1% CH4 in H2 at 1000 sccm
total flow. The plasma power, chamber pressure, and substrate temperature were maintained at
800 Watts, 25 Torr and 7500 C respectively. For the study of the role of plasma in defect creation,
five diamond samples were grown on Si substrates at positions 0, 1, 2, 3, and 4 cm below the
plasma edge.

The photoluminescence and microwave Raman spectroscopy were carried out at room
temperature using the ISA U-1000 scanning monochrometer. The samples were excited with the
514.5 nanometer line of an Argon-ion laser, which was focused on the sample to a spot of about
5 micrometer diameter. Focusing was facilitated by using the Olympus BH-2 microscope. The
laser power at the sample was measured to be about 20 mW. The Raman spectra was taken at
the region 1000-1800 cm-1 and the PL spectra was taken at the region 400-7000 cm-1 (2.36 -
1.54 eV). In order to check the spatial variation and to improve statistical significance the Raman
and the PL data were taken at 12 different locations on the sample for each stage of the

experiment. The data reported in this paper represent an average of these 12 points.

III. Results and Discussion

A. Analysis of the diamond and the graphitic Raman spectra

The first part of our experiment focused on an analysis of the Raman spectra as a function
of growth time. In the Raman spectra of our cyclic growth sample, we observed two main Raman

features centered at 1332 and at 1500 cm- 1. The Raman scattering at 1332 cm™! has proved to be
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an indication of sp3 diamond bonding while the broad feature at 1500 cm-! has been attributed to
sp2 amorphous-type graphitic bonding [22].

We first analyzed the diamond Raman line-width (FWHM) as a function of deposition
time. Figure 1 shows the FWHM plotted as a function of growth time. The line-width exhibits a
minimum at about 8 hours and a monotonic increase thereafter. The relatively large line-width at
1.5 hours and 3 hours of growth time may be attributed to the grain-size broadening mechanism of
the small nuclei [23] as well as to the incorporation of the relatively large Si atoms into the diamond
matrix which takes place at early stages as will be discussed in Section B of this paper. The
minimum Raman line-width occurs at around 8 hours when the diamond particles are large (about
1.5 microns), and for the most part are isolated and just beginning to cluster as indicated by the
SEM images shown in Figure 2. The broadening of the line-width at the later stages of deposition
when the particles coalesce and continuous film forms can be attributed to three possible
broadening mechanisms: the inhomogeneous strain induced by the increasing concentration of the
grain boundaries in the film, the increasing presence of the spz-type defects, and the size effect of
the secondary nucleation.

We next analyzed the diamond Raman integrated intensity as well as the sp2/sp3 ratio as a
function of deposition time. Figure 4 shows the Raman spectra at the seven stages of growth time.
The sp2 feature at 1500 cm™! starts to be noticeable at around 7 to 10 hours of growth time and
becomes relatively large thereafter. For growth times under 7 hours the sp2 feature was hard to
detect in the spectra. Figure 3 shows for the same Raman spectra the plot of sp2/sp3 ratio versus
growth time. The plot indicates the absence of sp2 defects until around 7 hours and a linear
increase for longer growth times.

The growth rate of CVD diamond is controlled by a complex dynamic balancing of the
competitive growth of sp2 and sp3 phases and the preferential etching of sp2 by atomic hydrogen
[24,25]. Determination of the growth mechanism and the kinetics of the CVD diamond is
beyond the scope of this research, but we do have several tentative conclusions based on our data

which we now present.
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The absence of spz-type defects at 1.5, 3, 5 and 7 hours of growth time, at which stages
the morphology was observed to be one of unconnected nuclei of random orientation, may be the
result of the preferential etching of the defects by the atomic hydrogen. Kobashi et al. [25] has
found that the chemical reaction rate of graphite with hydrogen is about 30 times faster than that of
diamond. Therefore, sp2-type clusters are removed rapidly from the substrate surface and only
diamond grains remain and grow. If this is the main mechanism preventing the presence of sp2 at
early stages, then we may conclude that the rate of sp2 growth is about equal to the rate of its
removal.

At later stages when coalescing and clustering of the nuclei occur resulting in formation of
grain boundaries, the sp2 phase follows a linear increase with deposition time. This implies that
the rate of growth of spz-type defects is higher than the rate of its etching by the atomic hydrogen.
One possible mechanism for the change in rate which takes place at around 8 hours is the incipient
formation at that time of grain boundaries and grain edges where particles join. The grain
boundaries and grain edges may provide favorable sites for the sp2 phase to nucleate and grow.
The hypothesis that sp2-type bonding is present predominantly at grain boundaries and edges was
also stated in the work of other groups [26,27].

In order to check how the diamond growth rate is impacted by the initial appearance of the
sp2-type defect and the morphology transition from isolated nuclei to clusters, we calculated the
integrated intensity of the diamond Raman peak versus time. Figure 5 shows the plot of the
diamond integrated intensity as a function of growth time. The plot indicates two different power-
law growth rates of the diamond, and a transition time at around 8 hours. This transition time is
consistent with the time of the initial appearance of the sp2 defect and the time when a change in the
morphology takes place.

The higher of the two growth rates occurs at early stages when the nuclei are purely
diamond and in complete isolation from one another. Space is available for the grains to grow in

both lateral and vertical directions. Above the transition time the growth rate is lowered due to the
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coalescing which reduces the lateral degree of freedom available for the growth of the nuclei, as

well as due to the competitive formation of the sp2 phase in the growing film.

B. The 1.68 eV optical center

In the second part of our experiment the formation of the 1.68 eV centers as a function of
growth time was examined. Figure 6 shows the spectra of the 1.68 eV band at 7 hours of growth
time. For the cyclic growth sample, the PL integrated intensity of the 1.68 eV line was calculated
and normalized to the diamond integrated Raman line for various growth times. The results shown
in Figure 7 indicate an initial increase of the 1.68 eV relative intensity until a maximum is reached
at about 8 hours; thereafter the PL relative line is seen to decrease with increasing growth time. The
SEM images of this sample shown in Figure 2 reveal that initially the film consists of isolated
diamond particles; after ~8 hours the diamond particles start to coalesce, forming grain boundaries
until most of the Si substrate is covered by the growth.

A possible mechanism for the effect shown in Figure 7 is that etching of the Si substrate by
the plasma releases Si atoms in the gas phase and redeposits them onto the growing diamond film.
At early stages when the nucleation and growth of the isolated particles take place, the probability
of creating the 1.68 eV centers is high since the Si substrate is almost entirely exposed. As the
diamond nuclei continue to grow in an isolated fashion, the concentration of the defect centers
increases. At deposition times longer than 8 to 10 hours, less of the Si substrate is exposed to the
plasma, resulting in reduced concentration of the 1.68 eV defect centers.

The absolute integrated intensity of the 1.68 eV line was also measured at ten different
positions or the ten-hour growth sample. No significant variation in intensity was found which
implies that the final spatial distribution of these defects was nearly uniform across the sample.
For the sample of forty-hour growth time, large fluctuations in the 1.68 eV absolute intensities
were observed across the sample. Furthermore, on the average the PL intensity was 35% lower
than the absolute integrated intensity exhibited by the ten-hour sample which possessed the

maximum concentration of defects. The diamond Raman signal also exhibited up to 30% variation
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in intensity across the sample. The above observations suggest that the film thickness and the
presence of grain boundaries caused the luminescence of the forty-hour sample to scatter, thereby
making the PL signal hard to collect. This scattering of the luminescence implies that the 1.68 eV
centers reside mainly next to the interface of the diamond and the Si substrate, and that less of the
defects are present in the bulk of the diamond film.

To support the assumption that plasma interaction with Si substrate initiates formation of
the optical defect centers, five incomplete diamond films were grown at different distances from the
hydrogen plasma. Figure 8 shows the resulting 1.68 .V integrated relative intensity as a function
of distance from the plasma, and indicates that th~ film which was grown immersed in the plasma
exhibited the highest concentration of the 1.68 ¢V centers. The film which was grown four cm
from the plasma exhibited very small concentrations of these centers. Saito et al. [28] have found
other evidence of hydrogen plasma interaction with the Si substrate: their experiments revealed that
when placing the Si substrate in the plasma center, etching and redeposition of Si atoms was the

predominant reaction due to the high concentration of electrons and hydrogen radicals.

C. The broad-band PL at 565nm - 800nm

In this section we present an analysis of the broad-band photoluminescence as a function of
growth time. Figure 9 shows the broad-band PL spectra for the isolated diamond nuclei at 3 hours
of growth time and for the continuous film at 40 hours. The spectra of the continuous film exhibits
a strong PL band ranging from approximately 1000 cm-! to 6000 cm~! (565nm - 800nm), and
centered at around 2 eV (~3000 cm-!). The broad-band PL is not present in the spectra of the
isolated diamond nuclei.

The graph of the relative integrated intensity of the PL band versus growth time is shown in
Figure 10. The PL band was not observed in the spectra of the initial stages of growth, and was
noticeable only from 7 to 40 hours during which interval it behaved linearly with growth time. The
time-evolution of the broad-band PL is similar to that of the sp2-type bonding (see Figure 3). The

similarity in the formation of the two types of defects may be an indication that the presence of
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defects which caused the broad PL is due to the sp2 carbon bonding which exists in disordered
configuration in the diamond film.

Broad band PL spectra very similar to those found in our work have been observed in
many studies of amorphous hydrogenated carbon material (a-C:H) which possess a random
network of sp2 and sp3 bonding configuration [18-19]. The line-shape and the peak position of
the PL was found in these studies to vary from sample to sample depending on the growth
condition. The broad PL in a-c:H has been assumed to originate from transitions in the
exponential distribution of tail states which extend into the forbidden gap. The presence of tail
states is a consequence of the lost long-range order in the material.

Other studies using cathodoluminescence (CL) spectroscopy suggest that the broad
luminescence in diamond is due to interaction of the 2.16 eV ZPL center with the lattice vibration
(vibronic interaction) [10,12-14]. The 2.16eV band which arises from the interstitial nitrogen-
vacancy complex was observed in our spectra and had very weak intensity. The nitrogen in our
diamond film was probably deposited from the residual amount of this element which existed in the
environment of the growth chamber.

The fact that both PL and CL extend over the same range of luminescence and have similar
line-shape does not exclude the possibility that CL is due to a different type of defect center than
that of PL, since the two spectroscopies differ in their energy range and in their cross-section. The
determination of the origin of the broad luminescence will be addressed in a future study.

From our present data we conclude that the type of defect responsible for the broad-band
PL in the CVD diamond does not form at early stages when isolated nuclei constitute the
morphology. The defects instead start to form at approximately 7 hours of growth time and have
increasing concentration thereafter. A possible type defect which may cause the broad PL is the
amorphous sp2-type bonding which has time-evolution consistent with the PL luminescence

intensity.




IV. Conclusions

Our research suggests the following conclusions about the formation of defects in the CVD
diamond:
1. The diamond line-width exhibits an optimum when the particles are large and disconnected.
As the film became continuous, a broadening of the line was observed, and was attributed to the
strain induced by the grain boundary and to the sp2 phase both which appear at later stages of the
growth.
2. The Raman spectra revealed that the isolated nuclei did not contain sp2-type defects. At later
stages when clustering occurred and grain boundaries formed, sp2 phase was found to increase
with growth time. The increase of the sp2 defect concentration may be attributed to the presence
of the grain boundaries which provide sites for the sp2 type bonding.
3. From an analysis of the integrated diamond Raman line as a function of time, a characteristic
time was obtained for which a morphological transition of isolated nuclei to clusters took place.
The characteristic time marked also the time when the sp2 phase started to appear. We surmise
that These two events were responsible for the decreased growth rate of the diamond.
4. The 1.68 eV defects are found to be created mostly at early stages of diamond nucleation and
growth when most of the substrate is exposed to the plasma. Hence higher concentrations of this
type of defect reside in the vicinity of the Si substrate and less in the bulk of the diamond film.
In our experiment, no variation in concentration of the 1.68 eV defect was found across the
sample.
5. The plasma interaction with the Si substrate is essential to the formation of the 1.68 eV defect in
the CVD diamond. Since the creation of the optical center is greatly enhanced by the availability of
Si, most likely the center contains Si atoms. This conclusion is supported by our observations that
the relative integrated intensity of the 1.68 eV band of the samples which were grown in various

distances from the plasma exhibited a decrease with distance from the plasma, combined with the
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finding that the creation of the defects took place at early stages when most of the Si substrate was
exposed to the plasma.
6. The broad PL band which centers at ~2eV was not observed in the spectra of the early stages
of nucleation and growth, but was present in the spectra of the later stages. The broad PL and the
sp2 intensities both follow similar time evolution. Amorphous carbon hydrogenated material,
which contains the same bond configuration as the sp2 phase in the diamond film [18-19],
exhibits broad photoluminescence spectra similar to that observed in our spectra. These two
observations lead us to suggest that the sp2 bonding configuration may give rise to the broad-band
luminescence. This topic will be investigated in a future study.

In summary, the isolated diamond nuclei contain only the 1.68 eV optical defect. The

diamond bulk film contains the sp2-type defects and the defects which give rise to the broad PL.
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Figure Captions

Figure 1. The diamond Raman line-width (FWHM) as a function of deposition time. The optimum
of the line-width occurs at ~8 hours.

Figure 2. The SEM micrographs of the diamond sample at 1.5, 3, 10 and 40 hours of deposition
time.

Figure 3. The relative Raman intensity of the spZ type bonding versus growth time. The graphitic
component is not present in the spectra at the early stages of growth (1.5 ~ 7 hr.).

Figure 4. The Raman spectra at the seven stages of deposition time: 1.5, 3, 5, 7, 10, 17 and 40
hours.

Figure 5. The integrated intensity of the diamond Raman peak as a function of growth time. The
transition from higher to lower growth rate occurs at ~ 8 hr.

Figure 6. The PL and Raman spectra of the diamond particles at 7 hours of growth time.

Figure 7. The relative integrated PL intensity of the 1.68 eV band as a function of deposition time.
The highest intensity occurs at ~7 hours.

Figure 8. The relative integrated PL intensity of the 1.68 eV band versus distance from the plasma
during growth.

Figure 9. The broad PL spectra of (a) the isolated nuclei at 3 hours and (b) of the continuous film
at 40 hours of growth time.

Figure 10. The relative integrated intensity of the broad band PL versus deposition time. The

broad band is not present in the spectra at the early stages of growth.
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IV. Characterization of the Electronic Properties of Diamond Film Growth

by Scanning Tunneling Spectroscopy

K.F. Turner and R.J. Nemanich
Department of Physics and Department of Materials Science and Engineering
North Carolina State University
Raleigh, NC 27695-8202

Abstract

The growth of CVD diamond films on silicon and germanium has been studied by
scanning tunneling spectroscopy (STS). STS allows for the characterization of the surface
electronic states. Since the technique is utilized with scanning tunneling microscopy, changes in
current voltage characteristics can be spatially resolved on an sub-micron scale. Substrates of
silicon, B-silicon carbide, and single crystal C(100) were cleaned and examined by STS in air to
provide examples of their electronic structures imaged in the ambient. The electronic structure
of the carbonaceous films which form on the Si substrates prior to and during nucleation were
characterized, and both doped and undoped diamond nuclei formed on Si were compared. While
the bulk electronic structures were found to be similar, the surface electronic structures differed
significantly. The surface of a continuous polycrystalline diamond film showed electronic
structure similar to that of single crystal diamond. The Si substrate interface was studied on a
"free-standing” film prepared by etch removal of the Si. The etched and growth sides of this film
showed different electronic structures. The growth surface had a structure similar to that of the
crystalline diamond while the etched side showed evidence of B-silicon carbide and graphite

electronic structures.

41




L Introduction

The possibility of growth of diamond thin films under conditions of low temperature and
pressure was realized in the 1950's [1]. It has only been in the last twenty years that the process
has become economically and technically feasible. More recently, the thrust of most of the
diamond research has focused on the film quality and growth rates [2]. The surface chemistry
involved is understood in the simplest terms [3], but the growth of high quality chemical vapor
deposited (CVD) diamond has been achieved. Many different surface and bulk characterization
methods have been applied to study the growth processes, nucleation, and the resulting complete
diamond films [4-6].

A relatively new characterization process is scanning tunneling microscopy (STM) and
its associated microscopies. One of the techniques related to STM, used to identify surface
electronic structure, is scanning tunneling spectroscopy (STS). The utility of STS, where
current-voltage data is taken at the same time that the STM image is recorded, was demonstrated
by Hamers et. al. [7]. This concurrent measurement of topographical and electronic structures
allows for the correlation of the two properties. The process has been used to characterize the
electronic structures of many surfaces including silicon [8-10] and germanium [11-13]. Wide
band gap semiconductors have been examined less, but examples of STS applied to SiC [14,15]
and ZnO [15] surfaces have been reported. In the characterization of diamond nucleation and
growth, some recent examples of scanning tunneling spectroscopy (STS) have been reported [16,
17].

The purpose of this study is to investigate the electronic structures of the doped and
undoped diamond nuclei, the interface between diamond and silicon, and surfaces involved in the
growth of diamond. The STS results discussed in this paper were obtained with the sample and
STM in air. This limits the resolution of the process, but does not preclude its usefulness. STS
measurements in air have, however, previously been used to delineate pn junctions [18] in Si and

to identify defects in semiconductors [19], to name a few. As will be discussed more fully in the
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discussion section, STS performed in the ambient is useful as long as the limits of the technique

are understood.

IL. Experiment

The STM analysis of the surface was carried out over a wide range of parameters. The
analysis was performed using a Park Scientific Instruments STM-SA1, which is an ambient
STM. The scans of the surface covered ranges between 100A - 10mm. The tip was scanned at
rates corresponding to between 0.08 to 2 Hz and tunneling currents ranging between 0.2nA to
4nA. The parameters of the system were changed for each sample in order to enhance imaging
of that particular film or substrate.

STS results were obtained in the following manner. First, the surface was imaged by
STM. Regions of interest were identified and these regions were scanned over ranges between
100A - 200A. STS was performed over this region to identify its uniformity. If the current-
voltage curves were uniform, to within a level of noise, then STS was performed over the area
for eight values of the set point current, i. e. eight different tip to sample distances. Several such
regions were examined for each surface. The STS spectra presented here have been averaged
over all eight curves taken at the eight values of the set point current. The STS curves were then
smoothed to allow for better interpretation of the major peaks of each spectum. All of the
results presented in this work were obtained using etched or mechanically ground Ptlr tips.

It has been shown that the ratio of the differential conductance (dI/dV) to the conductance
gives a relative measure of the surface density of states [20, 21]. To analyze the data, derivatives
of tiie current-voltage curves were calculated from the I-V curves. The derivatives were then
divided by the conductance (I/V) to normalize the data.

One of the objectives of this work is to characterize the electronic structure of diamond
nuclei. In order to accomplish this goal, many samples were needed to provide standards with

which the results could be compared. The Si(100) substrate was cleaned with HF acid and
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examined within 10 minutes with the STM. The graphite sample was cleaved with a piece of
adhesive tape to produce a clean surface.

The undoped nucleation samples were prepared by microwave plasma CVD on 1 inch
diameter Si(100) substrates. The substrates were polished with 0.25 mm diamond powder for 5
minutes and then solvent cleaned. The substrates were exposed to growth conditions for 1 hour
for both doped and undoped studies. In both cases, the growth occurred at a pressure of 35 Torr,
a methane to hydrogen ratio of 0.5% with a total flow rate of 1000 sccm and an average substrate
temperature of 800°C. Doped diamond nuclei were also grown under the same conditions as
above. For the doped nuclei, diborane was included in the gas mixture at a level of 10.0 ppm.
SEM micrographs were obtained from the surfaces to provide an estimate of the nucleation
density.

Complete diamond films grown on Si were prepared by hot filament CVD on Si<100>
substrates. The substrates were preseeded with diamond powder, and the gas flow of 100 sccm
hydrogen, 1.5 sccm methane, and 0.4 sccm oxygen were controlled to obtain diamond growth.
The thickness of the film was between 1mm and 2 mm. Diborane was introduced into the gas
flow to dope the sample. The film was doped with a gas phase concentration corresponding to 6
x 1019 per cm3. The boron incorporation efficiency was determined to be approximately 20%
by SIMS analysis.

The freestanding film used in the exploration of interfacial properties was originally
grown on a Si<100> substrate. The substrate was polished with 0.25 mm diamond powder and
then solvent cleaned. The sample was grown for 27 hours. The growth occurred at a pressure of
90 Torr, a methane to hydrogen ratio of 0.5% with a total flow rate of 100 sccm and an average
substrate temperature of 900°C. Diborane was included in the gas mixture to dope the film and a
doping concentration of 1020 atom/cm3 was subsequently measured by SIMS. The silicon

substrate was removed by chemically etching using a solution of nitric and hydrofluoric acid.
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III.  Results and Discussion
A. Electronic Structure of Single Crystal Diamond

When STS is performed under UHV conditions, the presence of surface absorbates can be
eliminated, the atomic structure can be observed and a measure of the surface structure can be
obtained. Without absorbates on the surface, all observed electronic structure must be ascribed
to the electronic structure of the sample and the tip. Variations of the electronic structure can
often be measured over the surface to an atomic scale. In some cases, STS can also be used for
the determination of the presence of surface absorbates.

When STS is performed in air, the situation is more difficult. For most surfaces
examined in the ambient, the presence of absorbed molecules is almost assured. It is, therefore,
not likely that every peak can be attributed to the atomic scale electronic structure of the surface.
It is, however, possible to identify significant features of the electronic structure. To that end,
standards were developed for several surfaces imaged in air which can be compared with suitable
results taken under UHV conditions. Using these standards, the electronic states of the growth
surfaces can be identified.

The (dI/dV)/(1/V) curve, referred to as a surface DOS curve, of boron doped type IIb
single crystal diamond is shown in Figure 1. A schematic of band structure of diamond and how
it is measured by STS is shown in Figure 2. The point of zero bias voltage corresponds to the
Fermi level position (EF), indicated as E; in Figure 2. For negative applied bias voltages, states
with energy greater than EF are probed, 1. e. probing empty electronic states. For positive biases,
the inverse is true. We assume that the Ptlr tip has a metallic density of states and does not
significantly influence the surface DOS curves. There is a region of low conductivity between
-3.2eV and 1.0eV. This presumably is the surface bandgap of diamond. It is consistent with the
p-type character of the sample, with an increase at 1.0eV below EF due to tunneling from the
valence band.

The authors also assert that the sudden rapid increase in the DOS beginning at -3.5¢V is

due to Fowler-Nordheim tunneling [22]. This sharp increase is observed, in some form or
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another, for almost all of the diamond samples in this study. This effect has been observed by
other authors conducting STM investigations of Si and Cu surfaces [23, 24]. It is observable at
bias potentials for diamond because the conduction band edge is close to the vacuum level. In
fact, for some surfaces of diamond, near the onset of tunneling into the conduction band, a
small negative electron affinity has been observed [25,26]. We were not able to determine if the
diamond surfaces exhibited a negative electron affinity, because the spectra presented here do not
have a sufficient energy resolution. The energy resolution for all of the spectra taken over the

6V range is 0.15eV. In principle, it would be possible to measure this effect by STS.

B. Electronic Structure of Diamond Nuclei

In order to effectively characterize the electronic structures of the surfaces of diamond
nuclei, standards need to be established for STS performed in air. It is for that reason that the
STS spectra are presented for silicon, graphite, silicon carbide, and doped polycrystalline
diamond grown on silicon. These spectra can, in turn, be compared with spectra obtained under
UHY conditions.

The spectrum shown in Figure 3 was obtained from a Si(100) surface which was cleaned
with HF and examined immediately after. Previous studies have established that immediately
after HF etching, the Si surface is terminated with hydrogen. Through examination of Figure 3, a
region of low conductivity can be observed between -0.5¢V and 0.4eV. This probably represents
the surface bandgap of the Si(100). This value for the bandgap is somewhat smaller than
expected, but is still consistent with results found under UHV conditions [27, 28]. Several
prominent peaks can be observed at -1.9eV, -1.4eV, 0.9eV, and 2.5¢V. While several of these
peaks are close tc the values obtained in UHV, correspondences between peaks found in the
ambient and those found under UHV conditions cannot be assured.

The surface DOS spectrum of n-type Si terminated SiC is presented in Fig. 4. Here, the
region of low conductivity runs from OeV to 2.0eV. This feature probably corresponds to the

surface bandgap. The Si terminated surface accumulated an oxide before examination by STM,
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as evidenced by its poor imaging quality. This also can be inferred because of the differences
between these results and those obtained under UHV conditions [14]. The most prominent
features that we observe are the "shoulder” extending from 2.0eV to 3.4eV, the low conductivity
region mentioned above, and a peak at -1.0eV.

The surface DOS spectrum for highly oriented pyrolithic graphite (HPOG) are shown in
Fig. 5. Since HOPG does not readily oxidize, it is possible to identify actual bonding,
antibonding, or surface states. In this case, the low conductivity regions extends between OeV
and 0.6eV. Peaks are located at +3.5eV, +1.5¢V, -1.3eV, -1.7eV, -2.5¢V, and -3.6eV.
Comparing these results with the work of Fuchs et al. [29], and the calculations of Selloni and
others [30], all of these peaks have been reported or predicted with the exception of the peak at
+3.5¢eV. Selloni calculated that there is a state at +2.5eV and this state has been observed in other
studies [30]. It is likely that the +2.5eV peak is present in the spectrum, but it is obscured by the
presence of the peak at +3.5¢V. The origin of the 3.5eV peak is unknown, but may be due to the
presence of absorbates on the surface.

The surface DOS of a doped polycrystalline diamond film grown on silicon is shown in
Figure 6. A region of low conductivity is shown between -2.2eV and 1.0eV. A peak is observed
at +1.8eV, a shoulder extending from -2.5¢V to -3.8 eV, and an increase in the current starting at
3.0eV. It is important to note that this gap is less than the 5.4eV expected for diamond. One
rationale for this change is that the actual gap ends at +2.4eV, which can be found by tracing
down the sharp increase at high positive bias. In that case, the peak at +1.8eV would most likely
be due to the presence of surface states, a bulk impurity level, or surface contaminants.

The surface DOS spectrum for a small nucleus of undoped diamond deposited on Si are
shown in Fig. 7. As described previously [31], examination of the undoped diamond nuclei by
photoluminescence showed that the defect density in the nuclei was relatively large. We asserted
that it was due to this large defect density that imaging of undoped nuclei by STM was possible.
The surface DOS results support these results. The spectrum shows an electronic structure with a

bandgap of 5.3 eV with endpoints of -2.0eV and 3.3eV. There appears to be several small peaks
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within the gap that may be attributed to defect levels. Note also the increase in the surface DOS
for high positive bias voltages, as in the spectrum shown in Figure 6, which was also grown on
silicon.

From the same sample, Figure 8 shows the surface DOS from a region near a nucleus on
the substrate. It has been proposed that carbonaceous [32] or silicon carbide [33] layers form on
the surface prior to or during diamond deposition. It is useful to compare the spectrum in Figure
8 with that of Si (Figure 3). The peaks of the spectrum of the surface DOS, which are at-1.8 eV,
-1.1eV, 1.0eV, 1.2eV and 1.5eV, do not align with those found in the spectrum of Si. We can
conclude that a film has formed on the surface that has altered the electronic structure. A few of
the peaks in Figure 8 are in the same positions as peaks in the STS spectrum of HOPG, but the
general shapes of the two spectra are very different. The electronic structure does not closely
resemble any of the standards presented in Figures 1-6. The characterization of the electronic
structure of this growth surface may require more standards than have been examined in this
study.

Examination of Figure 9, which provides a contrast of the electronic structure of the
undoped nuclei with the electronic structure of the growth surface, may suggest an alternate
interpretation. When molecules are absorbed on the surface, it has been shown that the
molecules contribute discrete levels to the DOS if they are loosely bound to the surface [34].
Other studies [35] have shown that, depending on how the diamond reactor is shut down after
growth, a layer of hydrocarbons may be left on the surface. If this interpretation is correct, then
the spectrum shown in Figure 8 could show the surface DOS of a carbon layer with loosely
bound absorbates on its surface.

The surface DOS for a doped nucleus grown on silicon is presented in Fig. 10. The most
prominent feature is the peak at 3.5¢V. If the slope of the line ifrom 3.5eV to 2.2eV is
extrapolated to the lowest DOS value, a region from 2.2eV to -2.1eV can be estimated to be the

bandgap region. Two mid-gap states can be identified: one at +1.0eV and the other at -1.2ev.
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The surface DOS from a region near a doped nucleus on the substrate is shown in Figure
11. Again, the peaks of this spectrum, at -0.8eV, 0.7eV, 1.0eV, 1.2 eV, and 1.5¢V, do not seem
to correspond to any peaks in the spectrum of silicon (Figure 3). Perhaps more surprisingly, all
of the peaks at positive bias voltages, where filled states are being probed, have corresponding
peaks in the spectrum shown in Figure 8. This indicates that the substrate surface for doped
diamond growth is similar to the substrate surface of the undoped diamond growth. Even if the
substrate surface cannot be totally characterized by attributing of the features to other known
electronic structures, it still allows of differentiation of diamond materials from non-diamond
materials. This differentiation makes it possible to distinguish regions which are diamond from
the substrate using spectroscopic methods, even when the structures themselves cannot be
imaged. This differentiation also provides for the opportunity to establish the location of
probable nucleation sights on the substrate prior to growth, as first suggested by Everson and

others [17].

C. Comparison of the Interface and Growth Surfaces

The last sample to be examined in this study is a freestanding polycrystalline diamond
film. The growth surface of this film, when examined by STM, showed typical structure for
extended growth of diamond on silicon. The etched side displayed a very different type of
topography and is shown in Figure 12. The ridges that can be seen on the surface are remnants
from the scratches that were made on the silicon to increase the nucleation density.

Figures 13, 14, and 15 present the surface DOS of this freestanding film. Figure 13
shows the spectrum taken from the growth side of the freestanding diamond film. The electronic
structure most resembles that of the single crystal diamond (Figure 1). It is also close in structure
to the doped diamond film grown on silicon but without the steep climb in the surface DOS for
positive bias nor the state at 1.8eV.

One could conclude that this sudden rise for positive bias is due to the presence of the

silicon substrate, because it is observed for diamond grown on silicon but not for the freestanding
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diamond film. This cannot be the cause, since STS measures the surface electronic structure and
also because tunneled electrons that reach the Si substrate would be thermalized and would not
show the electronic structure.

An alternate explanation is that the sudden rise for positive bias is due to graphitic
electronic structures on the surface or in the film. Referring to Figure 5, there is a rise also for
positive bias voltages, but it is less steep. The results of Raman spectroscopy of the diamond
nuclei and films show that all of the diamond has some sp2 bonded material with the exception
of the freestanding film. For the freestanding film, no sp2 bonded material was detected. This
result illustrates the utility of using STS as a measure of the sp2 bonded material on the surface
of diamond.

Figure 14 provides a clear example of the utility of STS for characterization of the
electronic structure of the surface. The STS spectrum of the etched, back side of the freestanding
film is shown in Figure 12. The spectrum shows a broad peak centered at -2.2eV, a region of
low conductivity between 0.5¢V and 2.1eV, and a shoulder extending between 2.2eV and 3.5¢V.
By comparing this spectrum with those featured in Figures 5 and 5.6, a discovery can be made.
Most of the surface DOS is made up silicon carbide-like and graphitic-like structures. In fact, if
both the graphite and silicon carbide spectra are added together, the result looks remarkably like
the spectrum shown in Figure 14. Since the Si has been etched away, only the interfacial layers
remain behind. Several studies have provided evidence for the formation of silicon cirbide or
other carbon layer as a precursor for diamond growth [32,33,36]. This provides further evidence
for the precursor being made up of graphitic and silicon carbide layers.

A contrast between the front and the back sides of the freestanding diamond film are
displayed in Fig. 15. The results demonstrate the surface sensitivity of the STS process.
Working with a UHV STM, one could map out such an interface on both the physical and
electronic levels. Working in UHV, the surface electronic structure could be separated from the
structures created by absorbed molecules, and thus a finer level of characterization. Better

resolution would allow for surface band structure theories to be applied and tested.
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IV.  Conclusions.

The structures of Si(100), graphite, single crystal diamond, and SiC were measured to
serve as standards. The electronic structures of doped diamond films, undoped diamond nuclei,
and doped diamond, all deposited on Si, were all charted. The three appear to be very similar in
terms of teir STS spectra. The structures of the layers deposited on the substrates during
diamond deposition were identified. The etched and growth sides of a freestanding film were
found to have different electronic structures, and the etched side provided evidence for precursor
layers containing silicon carbide and graphitic carbon. In subsequent research, use of a UHV

STM would allow for greater resolution, and actual identification of bonding and surface states.
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Figure Captions

STS curve showing the surface density of states for single crystal diamond. The curve is a
plot of the normalized differential conductivity versus bias voltage. In this plot, and all
subsequent plots, the normalized differential conductivity is labeled as "DOS".

Band diagram showing the tunneling spectroscopy process in the case of single crystal
diamond.

STS curve obtained from the Si(100) surface. The surface was prepared by cleaning with
HF.

STS curve obtained from the surface of n-type SiC.

STS curve obtained from the surface of highly-oriented pyrolithic graphite.

STS curve obtained from the surface of a doped polycrystalline diamond film on silicon.
STS curve obtained from the surface of an undoped diamond nucleus on silicon.

STS curve obtained from the surface of the substrate near an undoped diamond nucleus.
Comparison of the STS curves obtained from the surfaces of an undoped diamond nucleus
on silicon and an adjoining region of the substrate.

STS curve obtained from the surface of a doped diamond nucleus on silicon.

STS curve obtained from the surface of the silicon substrate near a doped nucleus after one
hour of growth.

STM image of the etched side of the freestanding diamond film. This figure shows the
ridges caused by the scratches that were made on the silicon surface, which was etched
away.

STS curve obtained from the growth surface of the freestanding diamond film.

STS curve obtained from the etched surface of the freestanding diamond film.

Comparison of the STS curves obtained from the growth and etched sides of the

freestanding diamond film.
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Modeling of Microwave MESFET Electronic Devices Fabricated

from Semiconducting Diamond Thin Films

Abstract

The microwave performance of p-type diamond MESFETs: is under investigation.
A detailed, theoretical model for the device that includes all known physical phenomena of
significance is being developed. The model is based upon a full two-dimensional
formulation of the approbi‘iate semiconductor device equations. The equations are solved
using numerical simulation procedures. Of particular interest in the model formulation is the
development of a complete and accurate description of the semiconductor surface between
the gate and drain electrodes. Accurate inclusion of the surface effects requires the
development of models for both surface conduction and channel breakdown. During the
past reporting period the surface breakdown model has been further refined. Also, an
activation model has been included so that free charge density as a function of temperature

could be determined. The model is currently being tested against experimental data.

L Introduction

The operation of p-type diamond MESFET's is under investigation. It has been
observed that these devices are limited in possible applied drain bias by a gate leakage
problem. The gate leakage prevents the application of sufficient drain bias to saturate the
current flow in the channel. The inability to achieve full channel current saturation limits the

gain that can be achieved with the device.
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We have proposed a breakdown mechanism for MESFET's that explains the gate
leakage and breakdown phenomena observed in experiments. The new gate leakage and
breakdown mechanisms have been formulated and are currently being incorporated into the
device model. Initial results of this work are encouraging, although simulation time can be
large. We are currently refining the model formulation to reduce execution time so that the
model can be used for design investigation.

We have also begun formulation of a JFET modification to the program. This work
requires development of a pn junction model to replace the Schottky gate model in the
current model. This work is anticipated to serve as a stepping stone to formulation of a

heterojunction model that can be applied to diamond heterostructures.

II. Investigation Procedure

The formulation of the surface model for the region between the gate and drain
electrodes has continued. In this model the surface of the MESFET is a complex physical
system where a periodic lattice of diamond atoms terminate into either free space or another
material such as gate metals, other semiconductors, or passivating (i.e., insulating)
materials. Typical numerical or analytic models for MESFET's neglect surface effects and
only include the first order bulk transport properties in the formulation. First order physics
describes MESFET operation in terms of particle conservation equations and particle flux
equations which have field, diffusion, and sometimes thermal components. Poisson's
equation completes the set by relating the particle and fixed charges within the device to
potential. The initial formulation previously reported has been further refined and extended.
The model allows for the trapping of negative charge on the surface of the semiconductor in
the region between the gate and drain electrodes. The negative charge, in turn, results in a
surface depletion region that can penetrate a significant distance into the channel, thereby
reducing the cross-sectional area through which current can flow, and reducing the drain

current. This phenomenon, although well understood, requires considerable sophistication
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in the device model, especially when the time dependence of the traps is included. It is
necessary to consider the charging/discharging time of the surface traps since the
quantitative density of surface charges will determine the degree of surface depletion. The
process is frequency dependent and affects the RF operation of the device.

The model has also been extended 10 include the thermal activation of dopants. This
is necessary since the relatively high activation energy of the impurities results in few free
charges at room temperature. For example, at room temperature only about 0.01% of the
boron atoms in a p-type diamond MESFET structure may be activated. The model
predictions are being compared to experimental data provided by Kobe Steel on their

recently reported diamond MESFET.

ITI. Results

The NCSU MESFET model under development incorporates all dominant physical
effects simultaneously. Effects such as electric field or energy Jependent carrier mobilities,
generation and recombination mechanisms, and thermal effects are being included in the
formulation. Formulation of the model is continuing and preliminary predictions on the
effects of surface depletion have been obtained.

The diamond MESFET reported at the recent Device Research Conference by
researchers from Kobe Steel is being simulated. This device is formed from polycrystalline
p-type diamond and demonstrates current saturation. The initial simulation results did not
provide satisfactory results and the simulation study is continuing. The initial attempts to
simulate the structure resulted in predicted drain currents about 3 orders of magnitude larger
than measured. The reasons for the large discrepancy are under investigation. Possible
reasons for the errors include: (1) underestimation of the surface depletion phenomenon,
(2) neglect of possible substrate trapping phenomenon, (3) errors in determining the free

charge density from the activation model, (4) underestimation of parasitic resistance effects,
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and (5) underestimation of the charge transport degradation caused by grain boundaries.
Each of these areas have been investigated. The surface depletion phenomena could have a
significant effect since the high resistivity of the channel semiconductor results in very
significant channel depletion due to surface trapping. Charge transport by space-charge-
limited flow is likely. An analogous effect occurs at the interface between the conducting
channel and the substrate. The combination of surface and substrate trapping could result in
much reduced channel current. The activation mechanism has been investigated and is not
thought to be a main problem since the activation is fairly well known. Small deviations
would produce slight current variations, but this is easily accounted for by adjustments to
the activation energy. The increased scattering due to grain boundaries has also been
investigated. The grain boundaries introduce additional scattering locations that can
significantly reduce mobility and saturated velocity. The largest effect is upon mobility,
which for this device is in the range of 1-10 cm?/V-sec. This phenomenon can account for
about one order of magnitude of the discrepancy, but not the three orders of magnitude so
far observed. Currently, the effects of large parasitic resistance are being investigated. It is
possible that the techniques used to measure the contact resistivity of the source and drain
contacts significantly underestimate the actual resistivity. The ohmic contact involves
generation of a graphite layer between the ohmic metal and the p-type channel material.
Although it was expected that the contact resistivity is in the range of 10-3-104 Q-cm?, it is
possible that the actual value is significantly larger. If so, a large source resistance could
result and this would, in turn, produce a significantly reduced channel current. It is feli that
a large source resistance is a likely contributor to the low magnitude of channel current
observed in the experimental data. The model is being modified to investigate the low
channel current observed. Since the diamond MESFET has a current capability 3 orders of
magnitude larger than actually measured, it is felt that significant improvements will result
once the reasons for the low current are determined. The model will be fit to the

experimental data to determine the parameters responsible for the low current.
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A pn junction gate model is also being formulated for inclusion into the device
model. The JFET miodel will allow investigation of these devices, as well as serve as a
foundation for development of a heterojunction model. It is believed that heterojunctions of
diamond and other semiconductors, such as cBN, may offer improved performance. The
goal will be to increase free carrier density by injecting charge across the heterojunction.
The injected charge should be able to make use of the excellent transport properties of the

diamond to produce a high current structure.

IV. Conclusions

The operation of a p-type diamond MESFET is under investigation. The
investigation is directed towards the development of a physical model for the device. The
model is being formulated to include all physical phenomena known to be of significance to
device operation. Of particular interest is an accurate simulation of gate breakdown,
including both gate tunneling and avalanche breakdown. Also, a thermal activation model
has been formulated and included into the model. This model allows calculation of the free
charge density in the diamond layers as a function of temperature. Work is under way to
simulate the performance of the Kobe p-channel MESFET reported at the recent Device
Research Conference. Initial calculations predicted a much larger drain current than actually
measured. The reasons for the discrepancies are under investigation. A pn junction gate
model is also being formulated so that the operation of diamond JFET's can be

investigated.

V. Future Research Plans and Goals

The surface model will be further expanded and refined. The initial formulation is
concentrating upon an electron hopping mechanism in which charge conduction occurs by
trap-to-trap transfer. Continuum mechanics are being applied to particles in the surface

energy bands. The stochastic transfer of particles to adjacent states appears at the
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macroscopic level to be continuous, with the effect of the lattice being combined into the
effective mass of the particle. Therefore, the particle behaves as if it has an effective mass
which is related to the curvature of the appropriate energy band. Charge packets propagate
and disperse in a Gaussian shape. The packet moves in time if there is an applied field, and
simultaneously disperses due to mutual repulsion of the carriers in the packet. Transport in
a disordered medium is markedly different from an ordered semiconductor. The full nature
of this is being investigated.

The Kobe diamond MESFET will continue to be investigated in an effort to
determine the reasons for the low current measured compared to the simulations. A likely
reason for the discrepancy between the simulated and measured data is the source
resistance. This phenomenon is under investigation. Also, the effects of surface trapping
will be further investigated. It is felt that significant improvements in the drain current may
be possible once the reasons for the low value of current measured are understood.

Development of the JFET model will also continue.
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